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Autophagy provides a mechanism for cells to conserve nutrients, but was recently associated with immunity
to intracellular pathogens. Here, Zhao et al. (2008) present direct in vivo evidence that autophagy is linked
to macrophage control of Toxoplasma gondii and Listeria monocytogenes and highlights that this process
intersects with cytokine-mediated antimicrobial responses.Autophagy is an evolutionarily conserved
process during starvation or stress that
uses the lysosomal system for nutrient re-
cycling or homeostatic turnover of dam-
aged cellular compartments (Levine and
Deretic, 2007). Recent studies have impli-
cated autophagy in the killing of intracellu-
lar pathogens (Levine and Deretic, 2007);
however, given the essential role of au-
tophagy in development, support for its
role in host defense in vivo has been elu-
sive. In this issue, Zhao et al. (2008)
show that a macrophage-specific dele-
tion of atg5, a protein that mediates ubiq-
uitin-like conjugation systems required for
autophagy, confers susceptibility to the
intracellular pathogens Toxoplasma gon-
dii and Listeria monocytogenes in mice
and highlights questions about how this
process integrates with known antimicro-
bial effector mechanisms.
Macrophages represent one of the ma-
jor arms of the immune system and have
an ability to kill intracellular microorgan-
isms that is enhanced by cytokines such
as IFN-g. The effects of IFN-g are medi-
ated through the production of oxygen-
free radicals in humans and nitric oxide
(NO) in mice driven by the enzyme induc-
ible nitric oxide synthase (iNOS). How-
ever, a direct comparison of IFN-g/
and iNOS/ mice revealed the presence
of an IFN-g-dependent iNOS-indepen-
dent mechanism of resistance to T. gondii
(Scharton-Kersten et al., 1997). An insight
into this paradox was provided by Taylor
and colleagues who identified a critical
role for a group of IFN-g-dependent p47
GTPases in resistance to T. gondii in
mice (Taylor et al., 2004). Subsequent
work by Subauste and colleagues dem-
onstrated that another autophagy gene,beclin1, was required for CD40-mediated
killing of T. gondii by macrophages (An-
drade et al., 2006). The intersection of au-
tophagy with IFN-g responses became
apparent when two groups observed
GTPase localization to the parasitopho-
rous vacuole (PV), membrane stripping,
and characteristic autophagic mem-
branes proximal to the damaged PV of in-
tracellular T. gondii that was required for
killing and could be blocked with inhibi-
tors of autophagy (Martens et al, 2005;
Ling et al., 2006). These studies were
able to firmly establish an intimate link
between autophagy and IFN-g responses
in parasite killing, but the significance of
this pathway in vivo remained an open
question.
In this issue, Zhao et al. (2008) demon-
strated that macrophages lacking atg5
were deficient in their ability to kill T. gon-
dii despite similar NO production in vitro.
Associated with this impaired killing
ability, the authors observed a failure of
the atg5/ macrophage to localize the
GTPase IIGP1 to the PV and an inability
to disrupt this membrane. Furthermore,
usingmice that lack atg5 inmacrophages,
the authors demonstrated a defect in the
ability to control T. gondii and L.monocy-
togenes. Thus, the ability of IFN-g to pro-
mote efficient control of T. gondii by mac-
rophages requires the cooperation of at
least one of the p47 GTPases with
autophagy.
While the studies described above fo-
cus on the role of autophagy in killing
mechanisms, there is also literature that
suggests these events can influence the
immune system. As highlighted in Fig-
ure 1, there is evidence that autophagy
is involved in major histocompatibilityCell Host & Microbe 4, Ncomplex (MHC)-restricted presentation
of antigen (Levine and Deretic, 2007),
and macrophages deficient in another
GTPase, IGTP, demonstrate a defect in
their ability to present T. gondii antigen
(Dzierszinski et al., 2007). Autophagic pro-
cessing is also implicated in allowing in-
tracellular Toll-like receptors (TLR) access
to ingested material, and this may serve
as a positive feedback mechanism in vivo
to enhance antimicrobial effectiveness,
although how this happens during any
infection is unclear (Lee et al., 2007). Addi-
tionally, plasmacytoid dendritic cells,
implicated in resistance to T. gondii, re-
quire autophagy for TLR-7-mediated
IFN-a production in vitro (Lee et al.,
2007). However, the current studies have
not clearly delineated whether the en-
hanced replication of pathogens in the
absence of atg5 in mice is due to an inabil-
ity to kill these organisms or a secondary
consequence of a reduced capacity to
mount a protective response.
While the ability to activate macro-
phages to kill intracellular pathogens has
been appreciated for almost three de-
cades, IFN-g had largely been thought
to function by enhancing oxidativemetab-
olism. However, recent advances that link
autophagy to these events provide an-
other example of an evolutionarily con-
served process co-opted by the immune
system to limit pathogen replication. This
is exemplified by studies published earlier
this year that established that atg5 and
autophagy are required for Drosophila to
control Listeria infection (Yano et al.,
2008). Nevertheless, this field is now
faced with the challenge of understanding
how these IFN-g-induced GTPases inter-
act with the autophagic machinery. Inovember 13, 2008 ª2008 Elsevier Inc. 413
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Previewsaddition, how GTPases localize to the PV
remains unclear, nor is it understood
whether this is a normal cellular response
to all phagocytosed foreign material or
a direct response to microbial signals.
This is likely a complex system as 23
known p47 GTPases have been identified
in mice, some of which have a role in the
control of distinct pathogens, but whose
function is still poorly understood. These
GTPases may be cell type- and/or patho-
gen-specific, which would suggest that
mice may have multiple proteins to deal
with pathogens found in distinct cellular
compartments. Moreover, while humans
have only three described p47 GTPase
homologs, one of which (IRGM1) has
been directly linked with autophagic414 Cell Host & Microbe 4, November 13, 200clearance of Mycobacteria (Taylor et al.,
2004; Singh et al., 2006), the observation
that humans have far fewer p47 GTPases
suggests that each may perform addi-
tional tasks, have a broader spectrum of
activity, or that there are additional human
orthologs.
While the comments in this article have
largely been restricted to the events that
lead to killing of T. gondii, autophagy is
implicated in resistance to other intracel-
lular organisms including Listeria, Shigella
Mycobacterium, and herpes simplex vi-
rus-1 (HSV-1) (reviewed in Levine and De-
retic, 2007). That autophagy is needed in
both Drosophila and mice for defense
against Listeria monocytogenes suggests
that this process is fundamentally impor-8 ª2008 Elsevier Inc.tant for multiple host species. This is
further emphasized by the recognition
that many microorganisms have evolved
mechanisms to evade, control, or usurp
basic autophagy pathways for their own
survival. For example, some g-herpes vi-
ruses encode proteins in their genomes
that antagonize autophagy proteins. This
suggests that tampering with this pro-
cess may be an important determinant
of pathogenicity relevant to numerous
pathogens.
REFERENCES
Andrade, R.M., Wessendarp, M., Gubbels, M.,
Striepen, B., and Subauste, C.S. (2006). J. Clin.
Invest. 116, 2366–2377.
Dzierszinski, F., Pepper, M., Stumhofer, J.S.,
LaRosa, D.F., Wilson, E.H., Turka, L.A., Halonen,
S.K., Hunter, C.A., and Roos, D.S. (2007). Infect.
Immun. 75, 5200–5209.
Lee, H.K., Lund, J.M., Ramanathan, B., Mizush-
ima, N., and Iwasaki, A. (2007). Science 315,
1398–1401.
Levine, B., and Deretic, V. (2007). Nat. Rev. Immu-
nol. 7, 767–777.
Ling, Y.M., Shaw, M.H., Ayala, C., Coppens, I.,
Taylor, G.A., Ferguson, J.P., and Yap, G.S.
(2006). J. Exp. Med. 203, 2063–2071.
Martens, S., Pavanova, I., Zerrahn, J., Griffiths, G.,
Schell, G., Reichmann, G., and Howard, J.C.
(2005). PLoS Pathog. 1, e24.
Scharton-Kersten, T.M., Yap, G., Magram, J., and
Sher, A. (1997). J. Exp. Med. 185, 1261–1273.
Singh, S.B., Dadis, A.S., and Taylor, G.A. (2006).
Science 313, 1438–1441.
Taylor, G.A., Feng, C.G., and Sher, A. (2004). Nat.
Rev. Immunol. 4, 100–109.
Yano, T., Mita, S., Ohmori, H., Oshima, Y.,
Fujimoto, Y., Ueda, R., Takada, H., Goldman,
W.E., Fukase, K., Silverman, N., Yoshimori, T.,
and Kurata, S. (2008). Nat. Immunol. 9,
908–916.
Zhao, Z., Fux, B., Goodwin, M., Dunay, I.R.,
Strong, D., Miller, B.C., Caldwell, K., Delgado-
Vargas, M., Ponpuak, M., Green, K.G., et al.
(2008). Cell Host Microbe 4, this issue,
458–469.Figure 1. The Concerted Actions of IFN-g and Autophagy in Killing and Disposal
of Intracellular Pathogens
IFN-g binding to its cognate receptor (IFN-gR) induces upregulation of both nitric oxide that limits patho-
gen replication inducing a state of delayed replication or ‘‘stasis’’ and p47GTPases (1) that are required for
resistance to T. gondii. Autophagy activators, such as nutrient depletion, TLR stimulus, or T cell-depen-
dent CD40-CD40L ligation, activate atg5 (2) and the autophagic machinery that colocalize with the
GTPases at the parasitophorous vacuole (3). Once at the pathogen-host interface, this complex induces
vacuole degradation, lysosmal fusion, and autophagic clearance of the parasite (4). This process induces
proteasomal degradation (5) and may allow subsequent loading of pathogen peptides onto MHC mole-
cules for presentation to T cells (6).
